A new huanglongbing (HLB) "Candidatus Liberibacter" species is genetically characterized, and the bacterium is designated "Candidatus Liberibacter psyllaurous." This bacterium infects the psyllid Bactericera cockerelli and its solanaceous host plants potato and tomato, potentially resulting in "psyllid yellowing." Host plant-dependent HLB transmission and variation in psyllid infection frequencies are found.
Huanglongbing (HLB) is a serious disease found in citrus (3) and is vectored by two psyllid species, Diaphorina citri Kuwamaya and Trioza erytreae (Del Guercio) (4, 17) . HLB is caused by a phloem-restricted, nonculturable bacterium that belongs to the genus "Candidatus Liberibacter," which belongs to the Alphaproteobacteria (12) . Currently, the genus "Candidatus Liberibacter" is composed of three known species that cause disease, primarily in citrus (3): "Candidatus Liberibacter asiaticus" (12, 13) , "Candidatus Liberibacter africanus" (9, 12, 13, 20) , and "Candidatus Liberibacter americanus" (26, 27) . In this study, we report a new HLB "Candidatus Liberibacter" species which is unique from the other three species because it causes disease in solanaceous plants, such as tomato and potato, and is vectored by the psyllid species Bactericera cockerelli (Sulc).
The psyllid B. cockerelli is found in western North America (16) . B. cockerelli is a polyphagous phloem feeder, can successfully reproduce on a wide variety of host plant species, and has been a pest of potato (Solanum tuberosum L.) and tomato (Solanum lycopersicon L.) for many years (21, 29) . The salivary secretion of B. cockerelli causes a debilitating yellowing plant condition in tomato and potato called "psyllid yellows" (5, 14) . The factor in psyllid secretions that causes psyllid yellows was previously unknown and thought to be a toxin produced by the psyllid (2, 6, 22) . In this study, we characterize and describe the potential causative bacterial agent of psyllid yellows disease.
Detection and characterization of bacteria. Detection and characterization of the HLB symbiont involved several techniques, including PCR, gel electrophoresis, cloning, primer walking, and sequencing. Insect DNA was isolated from individual specimens using two different kits. Initial extractions for cloning and sequencing were performed using the Gentra Puregene cell and tissue kit (Qiagen, Valencia, CA). DNA extractions for determining the presence and absence of the new HLB bacterial symbiont within all psyllid life stages were performed using the EDNA HiSpEx tissue kit (Saturn Biotech, Perth, Australia). This kit enabled the extraction of amplifiable DNA from all psyllid life stages better than the Gentra kit (A. K. Hansen, unpublished data). Plant DNA was extracted using a DNeasy Plant mini extraction kit (Qiagen).
Initial screening of bacteria in psyllids began with eubacterium-specific primers (standard primer 10F and the universal reverse primer 480R) (24, 25) with Phusion high-fidelity DNA polymerase (Finnzymes Oy, Espoo, Finland). PCR concentrations, conditions, and electrophoresis are described by Hansen et al. (11) . In all cases (of infected psyllids), this yielded a single visible band of ϳ2.6 kb in length. To ensure that one bacterial symbiont was present (7, 11) , 10F and 480R PCR products of an HLB-infected psyllid individual (from the Texas colony [see below]) were run out on a 0.7% agarose gel at ϳ1.7 V/cm. After 14 h, only one band was present (ϳ2.6 kb in length). This PCR product was then cloned using the GeneJET PCR cloning kit (Fermentas International Inc., Burlington, Ontario, Canada).
Four sets of overlapping primers were designed (Table 1) by primer walking to amplify clone fragments of Ͻ1,000 bp for direct sequencing. The same PCR conditions used above with Phusion polymerase were used for the four primer sets, but with an annealing temperature of 60°C. Amplified DNA was cleaned using the Wizard PCR Preps DNA purification system (Promega, Madison, WI) and directly sequenced in both directions. With the 10F and 480R primers on tomato and potato plants, chloroplast DNA was preferentially amplified. Consequently, the four overlapping sets of primers designed by primer walking (see above and Table 1 ) were used to amplify and subsequently sequence HLB bacteria DNA from plants. Since fragment 4 (Table 1 ) spans a variable intergenic spacer region (ISR) (from the end of the 16S rRNA through the ISR to the beginning of the 23S rRNA gene) and always amplified HLB bacteria during optimization assays (checked by sequencing), we used the fourth primer set to detect the presence of the bacterial symbiont in the plant and insect. To control against false negatives, for insects, primers that are specific to the 28S D2 rRNA of B. cockerelli were developed (Table 1) , and for plants, extracted DNA was visualized after electrophoresis on a 1% agarose gel stained with ethidium bromide. Known positive and negative controls were also included in all assays. Also, since two B. cockerelli mitochondria haplotypes are known in North America (15), 10 psyllids representing each haplotype (Weslaco City, TX, colony and the Ventura, CA, colony) were screened for HLB infection with 10F and 480R primers. This 2.6-kb fragment was then cloned and subsequently sequenced with the overlapping four primer sets (Table 1) (28) was used to construct the multiple-sequence alignment and the neighbor-joining phylogeny. Bootstrapping with 2,000 replicates was preformed to achieve 95% reproducibility (10) . TREEVIEW 1.6.6 (19) was used to draw the phylogenetic tree. In an additional analysis, we found the sequences showing the most similarity to 1,169 bp of the 16S rRNA of the new HLB bacterium (isolated from the Texas psyllid colony spanning bp 76 to bp 1, 245, since this fragment size has 100% coverage with all HLB "Candidatus Liberibacter" species in GenBank as of June 2008) by a BLAST search (1) .
Characterization of the HLB bacterium. The same HLB 16S-ISR-partial 23S rRNA sequence was found in the psyllid populations from both Texas and California (GenBank accession no. EU812556 and EU812557) and in the bacterial DNA from infected plants (GenBank accession no. EU812558 and EU812559).
Based on the neighbor-joining analysis, the new HLB bacterium is nested within the genus "Candidatus Liberibacter" (Fig. 1) . The 16S rRNA sequence most similar to this new "Candidatus Liberibacter" species is sequence DQ471901, "Candidatus Liberibacter asiaticus" from Brazil, which possesses 97% sequence similarity to the new bacterium, with a total BLAST score of 1,965. Overall, there are 26 base pair changes between the sequences and five insertion/deletion events. Based on the genetic and ecological characterization (see below) described herein, we tentatively designate this bacterium "Candidatus Liberibacter psyllaurous" (meaning psyllid yellows).
Insect colonies and transmission trials. Hundreds of adult and nymph B. cockerelli organisms were collected from fresh market tomato plants in Weslaco City, TX, in June 2005. The colony was maintained on a variety of solanaceous host plants at 25 Ϯ 1°C with a photoperiod of 14 h of light and 10 h of darkness. For all trials, psyllids were reared separately on potato plants and tomato plants in separate cages. The infection status of psyllid eggs, nymphal instars, and adults was tested by PCR for HLB bacterial symbionts from both the tomato and potato colonies (see Table 2 for sample sizes). Before eggs were screened for infection with PCR, the leaves and attached eggs were surface sterilized with 10% bleach (Clorox, Oakland, CA) for 5 minutes and then rinsed three times with sterilized double-distilled water. Eggs were then dissected from the leaves using heat-sterilized insect pins under a dissecting microscope. Consequently, the detection of the transovarial transmission of bacteria was conducted by PCR screening of bleach-treated eggs (Table 2 ) and also by isolating bleachtreated eggs on six tomato plants, all of which were isolated inside a single mesh cage. Twenty-five emerging adult psyllids were then screened for the HLB bacterium. Of the 25 adults resulting from eggs individually placed on tomato plants, 20 were infected with "Candidatus Liberibacter psyllaurous." For PCR infection screening of different nymphal instars, we assigned individual nymphs to instars (21, 23) . Based on the PCR detection of "Candidatus Liberibacter psyllaurous," levels of HLB infection are significantly different between psyllid life stages among potato-reared psyllids (Kruskal-Wallis chisquare test score, 583; df ϭ 6; P Ͻ 0.001) and between psyllid life stages among tomato-reared psyllids (Kruskal-Wallis chisquare test score, 583; df ϭ 6; P Ͻ 0.001) ( Table 2 ). In addition, nymphal-instar infection frequencies between host plants (potato and tomato) differed significantly from one another (by the Wilcoxon signed-rank test, z was Ϫ13.203; by the two-tailed t test, P Ͻ 0.001) ( Table 2) . HLB was detected at higher infection frequencies in eggs, first instars, and second instars isolated from potato host plants than in those isolated from tomato host plants (Table 2) . On potato, psyllids were fixed for infection from the first instar to the adult stage (Table 2) . However, on tomato, the infection frequency of psyllids was initially very low (egg, first instar) but then increased substantially in the second instar, becoming fixed for infection at the third instar (Table 2) . Thus, our PCR screening of eggs and the egg transfer experiments show that "Candidatus Liberibacter psyllaurous" is vertically transmitted but at different rates, depending on the host plant on which the psyllid is reared (Table  2 ). Horizontal transmission through host feeding (Table 2) may also be important since HLB infection increases as the psyllid life stages progress (particularly on tomato). HLB transmission from psyllids to plants was studied by placing 20 psyllid adults from the HLB-infected colony on five potato plants and five tomato plants (20 psyllids/plant). Each plant was isolated in a mesh cage and was PCR screened for HLB before and after inoculation. All treatments were done in the same rearing room under the same conditions used for colony rearing (see above). One week later, samples were screened by PCR for infection by taking 100 mg of leaf midveins per replicate from the branch on which psyllids were released (or not released for the control) for each replicate. HLB-infected psyllids (reared on potato) were positive for "Candidatus Liberibacter psyllaurous" infection. Five control tomato and potato plants (without insect inoculation) were kept in mesh cages as controls and tested negative for infection. Five psyllids from each plant were PCR screened for infection at the end of each trial, and all psyllids screened were positive for HLB. Plants were visually screened qualitatively for yellowing of psyllid-inoculated leaves. Qualitatively, tomato leaves did not show signs of yellowing until 3 to 4 weeks after the trials. After 2.5 months, all tomato leaves became yellow and displayed reduced and stunted growth. In potato, the yellow symptoms showed up a week and a half after adult psyllids inoculated plants. All potato plants died after 1 month of psyllid inoculation. Control plant leaves did not yellow or suffer any mortality during the duration of this experiment. These results for potato are consistent with the report by Munyaneza et al. (18) noting that potatoes grown in the absence of B. cockerelli do not develop yellowing symptoms. Two publications in the literature (8, 18) mention that grafting can transmit the yellowing disease, showing that the direct participation of psyllids is not required for the acquisition of the yellowing disease. We therefore conclude that "Candidatus Liberibacter psyllaurous" is likely the causative agent of this disease. The discovery of "Candidatus Liberibacter psyllaurous" can help plant breeders directly select for resistant cultivars of potato and tomato. Nucleotide sequence accession numbers. The GenBank accession numbers for DNA primer walking fragments resulting from the 10F and 480R rRNA operon clones isolated from Texas and California tomato psyllids are EU812556 and EU812557, respectively. The GenBank accession numbers for primer walking fragments isolated from tomato and potato plants are EU812558 and EU812559, respectively. The GenBank accession number for the 28S D2 rRNA of B. cockerelli is EU812555.
